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. . pseudorandom (PN) ~reference code. Third, the informational signal may or
: may not be error correction coded and hence requires an appropriate

( decoding process.

sie 7 Fie
In this study-we investigate;the utilization of a white-light or incoherent
s optical correlator for the signal decoding.: There are several reasons for
4 selecting the optical technique rather than electronic or digital counter-
part, because the optical technique rather than electronic or digital
counterpart, because the optical technique offers the following capabiliti+s:
1. It is capable of handling very long code words; 2. It has a very
large space-bandwidth product; 3. It has the ability of performing
parallel processing; and 4. The compatibility with optical storage. The
advantages of using white-light processing technique are: 1. It eliminates
E the coherent noise; 2. The incoherent system is economical and easy to
(“ maintain; 3. It is suitable for color signal decoding.

The coherence requirement of the white-light optical correlator for the
spread spectrum decoding is analyzed. We have shown that the temporal
coherence requirement is strongly dependent on the spatial frequency and
the extension of the target (i.e., code word). The spatial coherence
requirement however depends only on the extension of the code word.

The effect on noise performance of an incoherent optical correlator is
also discussed. The output signal-to-noise (SNR) is evaluated by partial
coherence theory. The sources of noise considered are the grain-noise and
the phase-noise at the input and Fourier planes. Except for the grain-
noise at the input plane, we have shown that the output SNR can be improve
considerably by using a broadband light source. The overall SNR increases
rapidly as the number of spectral band filters increases. This increase
in SNR confirms this validity of noise-~suppression under a white-light
illumination.

We have also reported a polychromatic correlation detection technique.
This technique offers true color correlation detection which is a step
closer to actual human observation. The polychromatic correlation may
also apply to decode wideband color coded pseudorandom signal.

- Several experimental demonstrations of the incoherent optical correlator
as applied to character recognition, pseudorandom code are provided.

Comparison with the results obtained by the coherent system are also given}
. We note that the results obtained with the incoherent source provide a
= higher SNR. Several demonstrations for polychromatic correlation detectiop
' are also included.

Finally, the net effect of this study is to emphasize the truth of our
assumption that the incoherent or white-light optical correlator can be an
essential decoder for the application of spread spectrum signal decoding.
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1. Introduction

1.1 Air Force Goals and Needs

1.

4.

1.

The U.S. Air Force needs to improve the space communication tech-

nique not only by increasing the bandwidth (e.g., spread spectrum or
- frequency hopping) of the transmitted signal but also needs to improve

the security such that the transmitted signal is capable of against
jamming, fading, doppler shifts, channel noise, multipath effects, etc.

The basic communication technique that we would like to investigate
may center in the spread spectrum communication technique; particularly
in the application of white-light optical signal processing to detect
a wideband pseudo random code, which was originally transmitted with
spread spectrum communication method.

There are several reasons for selecting the optical signal processing
technique rather than theilr electronic or digital counterpart, because

the optical technique has the following capabilities:

It is capable of handling ve?y long code words;

It has a very large space-bandwidth product;

It has the capability of performing parallel information
processing, and

The compatibility with optical storage techniques.

We would, however, use the white-light processing technique rather

than the coherent optical counterpart, because of the following advantages:

It eliminates the coherent artifact rnoise that generally
plagues the coherent optical system;

The white-light processing system i{s generally economical
to operate and easy to maintain.

The white-light technique is very versatile and simpler

to handle.
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We emphasize again, the basic objective of this research is to
improve the decoding (i.e., detection) capability in such a way

that high signal-to-noise ratio of the correlation can be obtained.

1.2 Spread Spectrum Communication

‘fj: Literally, spread spectrum communication is one in which the

% transmitted signal is spread over a wide frequency band. Usually

%.‘ the bandwidth is much larger than the base bandwidth of the informatio
- signal. The most familiar example of spread spectrum modulation is
the frequency or phase modulation. The bandwidth requirement of the
transmitted signal is generally much higher than bandwidth of the
information signal. Following are three general types of spread

Zf spectrum modulat ions?:

1. Direct Sequence - modulation of a carriet by a digital
code sequence ({.e., PN code) whose bit rate is much
higher than the bandwidth of the informational signal.

2. Frequency hoppings - carrier frequency shifting in

é; discrete manner followed by a code sequence.

2y 3. Chirp Modulation - the carrier frequency is swept over

a wide band during a given pulse interval followed

by a code sequence.

s Nevertheless, a spread spectrum communication system must have

e transmitted bandwidth much greater than the information bandwidth.

The art of spreading the transmitted bandwidth is to allow the com-

- munication system to deliver error-free information through a noisy

environment with a proper decoding process.

" One type of the spread spectrum communication that the U.S. Air

o Force is particularly interested in is the hybrid forms of frequency

- hopping and direct sequence modulation. The form of spread spectrum




signal usually required is a large space-bandwidth PN code to encode

and to decode the transmitted signal. It is this reason that we believed
the optical processing technique would be most applicable for a large
space-bandwidth signal. In the optical signal processing technique,

we shall deal with an incoherent optical correlator that is capable

of performing the task of correlating the PN code for the spread

spectrum signal decoding.

1.3 Report Outline

We deal primarily on an incoherent optical correlator as applied
to PN code correlation for spread spectrum signal decoding. Since
the optical correlation operation rely on complex amplitude operatiom,
the partial coherence requirement of the correlator should be
evaluated. The system noise performance is also a criti-al issue
for the incoherent optical signal correlator as applied to the
proposed research problem. We shall report in the fnllowing the analysis
of the white-light optical correlator, and the applications to complex
signal detection, pseudorandom code (i.e., PN code) correlation, poly-
chromatic signal detection and noise performances. Experimental

demonstrations are also provided.

II. Complex Signal Detection by Spectrally Broadband Source

2.1 System Analysis

We shall now describe a technique of complex spatial filtering to be
carried out by a spectrally incoherent light source, for example, a white

light sourcez-a. We place a diffraction grating behind an input-signal

."ﬁ’Y

transparency, s(x,y), at the input plane P1 of a white light optical pro-

St .
» .
P .

cessor, as shown in Fig. 1. The resultant complex amplitude transmitta.ce

of the input plane is then

s(x,y) T(x) = K s(x,y) [1 + COS(pox)]. ¢9)
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vhere T(x) represents the diffraction grating, K is a proportionality
constant, p is the angular spatial frequency of the diffraction grating,
il and (x,y) is the spatial coordinate system. We note that, to obtain a "

bigh diffraction efficiency, a phase grating may be used.4 Since the ]

:Q input plane is illuminated by collimated white light, the complex light
i' . distribution for a given wavelength A at the back focal plane P, of the
Ef( achromatic transform lens may be written

E(p,q;A) = Cff s(x,y) [1 + cos(p x)] exp[-i(px + qy)] dxdy, (2)
where the integral is over the spatial domain and spectral bandwidth of
the light source, (p,q) denotes the angular spatial frequency coordinate
system, and C is a complex comstant. For simplicity of analysis, we
dropped the proportionality constant and Eq. (2) is therefore

E(p,q;A) = S(p,q) + S(p-p,,q) + S(p*p,,q), (3)

[ 4

vhere s(p,q) is the Fourier spectrum of s(x,y), p = x%a and q = ig y (a,B)
is the linear spatial coordinate system of (p,q) and f is the focal length
of the achromatic transform lens. In terms of the spatial coordinates «
and B, Eq. (3) can be written,

E(a,B3M) = C1S(a,B) + CoS(a - 35 p ,B) + CasCa + 2 p_, B). (4)

From the above equation, we see that two first-order signal spectral bands

(i.e., second and third terms) are dispersed into rainbow color Fourier

{ﬁ spectrums along the a axis, and each spectrum is centerd at a = t(Af/Zn)po. %
E- In the analysis, we assume that a sequence of complex spatial filters i
i{ of various A are available, i.e., F
u B
:' H(pn’q.n) =K, +K; + K 'S(anqn)l Cos[Boqn + Q(Pn,qn)], ’
;ﬁ n=1,2,...,N, (5)

Fi where = gl-t—a = ZE_B @ is the spatial frequency in the q direction

H Pp =Xt Y Anf ' Yo n ’

; K's are the appropriate constants, and S(pn,qn) is the complex signal

}{ spectrum of s(x,y). We note that these complex spatial filters can be

r.. 7z

E computer generatedf
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If we place these complex spatial filters in the spatial frequency
plane, each centered at a = (Anf/ZR)po, as shown in Fig. 2, then the com-

plex light field behind the spatial-frequency plane is

N
E(p,q;A) = S(p-p,,q) 21 H(p,-P,»q,)s (6)
a-

The corresponding complex light distribution at the output plane Pj3

of the processor is therefore,

N
g(x,y) = nzl JIIs(p-p,»q) H(p -p_,q ) expli(p x+q y)ldp dq dA, (7)
where the integration is over the spatial domain and the wavelength spread
of the filters. We assume that the signal spectrum is spatial frequency
limited and the bandwidth of H(pn,qn) is extended to this limit, i.e.,
H(p,,q,), @15asa;
H(p,,q,) = { . (8)
0, otherwise
where a; = (Anf/2n)(p° + Ap), and ap = ()\nf/2n)(p° - Ap) are the upper
and the lower spatial limits of H(pn,qn), and Ap is the bandwidth of the
input signal. The limiting wavelengths of the dispersed spectrums at the

upper and the lower edges of the filters are

. P, *op P,-dp

A n po_Ap ’ and A.h = An p_——°+Ap, (9)

2

and the corresponding wavelength spread over the filters is therefore,

AN = A l’poAp (10)
n n pg-(Apiz’

If the spatial frequency P, of the grating is high, then the wavelength

spreads over the filters can be approximated,

~éﬂ
AAn ? An, P, >> Ap. (11)

. - . P T U |
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1 Since the complex spatial filterings take place in discrete Fourier spec- .#

v

tral bands of the light source, the filtered signals are mutually incoher-

ent, therefore the output complex light distribution is

N ipox ip x ipox ipox
g(x,y)~ 2 Mn{sn(x.y)e + s (x,y)e * s (x,y)e * s*(x,y)e
n=1 :
ipox ipox ipox ipox
+ s (x,y)e * sn(x,y+Bo)e + sn(x,y)e * sg(-x,-Y*Bo)e !,
(12)

where * denotes the convolution operation and the superscript * denotes
the complex conjugate. For simplicity, the proportionality constants K
were dropped from the above equation. From Eq. (12) we see that the first
and second terms represent the zero order terms, which are diffracted in
the neighborhood at (0,0) in the output plane, and the third and fourth
terms are the convolution and correlation terms, which are diffracted in
the neighborhood of (0,-80) and (O,So) respectively, as shown in Fig. 3.
Furthermore, we note that the diffracted output signal is formed by inco-
herent addition of the discrete spectral bands, therefore the annoying
coherent artifact noise can be avoided.

Let us now discuss the correlation term of Eq. (12), i.e.,

N Af Anf -iBoy 2n
R(x,y) = X [ff S(a - iﬁpo’ﬁ)s:(a- —Eﬁpo,ﬂ)e exp[ix—g(ax+ﬂy)]dadﬂdk.
n=1 n

(13)
' From this equation, we see that there is a mismatch in location and in

scaling of the incoming signal spectrum with respect to the filter func-

X
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tion. In other words, if the spatial carrier frequency P, of the diffrac-

tion grating is high, a narrower spread in the x direction of the correla- ]

LT T TTMETY T Tt

tion peak can be obtained. Thus the accuracy of the complex filtering in \

9
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the x direction is somewhat lower than that in the y direction. In other
words this white light processing technique is effective only in one di-
rection, and for some two-dimensional processing, this technique may pose

some drawbacks. However, this technique offers no coherent artifact noise

and it can be applied to various problems in optical information processing.

We shall emphasize that, although the technique uses a temporal incoherent
source, the signal spectrum is displayed in partial coherence mode so
that the signal can be processed in complex amplitude.

We would note that, the white-light or incoherent optical processing
scheme is to apply in the detection of the pseudo random PN code in the
spread spectrum communication system. A general matched filter as pro-
posed by Caulfield6 may be employed for this signal decoding. We shall
also note that, besides this for the application to decode the pseudo
random code for spread spectrum communication, there are several other
areas of intense interest to the U.S. Govermment relying heavily on com-
plex signal detection and hence stands to benefit from our proposed work.

Those areas are radar, sonar, target recognition, etc.

III. Coherence Reguirement

3.1 Basic Formulation

Recent investigations of Morris and George7 have led to a relation-
ship between the correlation intensity and the wavelength spread of the
light source. Prior to their work, Watrasiewieze had evaluated the
effect of spatial coherence on the correlation intensity with a rectangular
function., Here, we shall quantitatively evaluate the temporal and spatial
coherence requirement of a partially coherent correlation detector, that

we proposed in previous sections.
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The partially coherent optical signal processor of Fig. 4 employs

A

. an extended broadband light source. For such an optical processor, let ,
'z the source intensity distribution, which can be modulated by a source i
‘ encoding maskg, at source plane Po be Y(xo,yo). In complex signal detec- :
tion, an input signal transparency of complex amplitude distribution ) N

.- t(u,v) is inserted at the input plane P, of the optical processor. A

1
matched spatial filter having an amplitude transmittance H(x,y) = T*(x,y)

is inserted at the spatial frequency plane P2’ where T(x,y) is the

corresponding Fourier transform of the input signal t(u,v) and * denotes
10,11

the complex conjugate from the theory of partial coherence , the output

correlation intensity can be written as

I',v') = [[ v(x,y)) [ s() e) ‘ [/ 1/2%% 1(x + X0 ¥+ ¥ 5)
AS A -

. 2n ' " 2
H(x,y,ko)exp[i F (xu' + yv')] dxdy' dxodyodl, (14)

where AS is the source size, AA is the spectral bandwidth of the light
source, S(1) is the relative spectral intensity of the source, C(}) is
the relative spectral response sensitivity of the detector or recording
material, Ao is the central wavelength of the light source, and

H(x,y;Ao) is the complex spatial filter at A = Ao.

3.2 Temporal Coherence Requirement

We shall now discuss the temporal coherence requirement of the
light source. Let us assume we have a point source with a broad spectrum

i.e., y(xo,yo) = G(xo,yo). For simplicity we let S(A) and C{()) be constant.

The output intensity distribution of Eq. (14) becomes
A, + ax/2

I'v) = | A, v';0) |2 an, (15)
A, 0 8A/2

. - . ,
..‘_.“AAARLAIA“A@" - a

N -
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where j
A(u',v';)) = {£ T(f,.£)) T (f;,f;) exp[12m(f u' + fyv')] df df , g
A -
=2t ,v") *t (u',v"), (16) ~
A o .]
- ’
where fx = x/Af, fy = y/Af, f; = x/Aof, f; = y/lof, f is the focal length f
of the achromatic transform lens and * denotes the correlation operation. g
As a special example to illustrate the temporal coherence require- J
ment, let us consider a one-dimensional spatially Gaussian target, i.e., P’
-azuz
t(u) = e ’ a7n
where a is an arbitrary constant. The corresponding Fourier spectrum at

the spatial frequency plane is
Ll 2 ‘
T(£) =V v/a exp[-(] £)71, (18)

where fx = x/Af, and A 1s the wavelength of the broadband source and
f is the focal length of the transform lens. We now insert a matched

filter for A = Ao at the spatial frequency plane,
*
H(f;) =T (f;) =/ n/a exp[-(n/a f;)Z]. (19)

The output intensity distribution of Eq. (2) becomes,

A+ bA/2 2 2
2 o Ao 2 Ao 2
I(u') = 2n/a J ) exp[-2a (T——z-)(u') 1dX. (20)
Ao AT+ Ao AT+ ko

From this equation, we see that the output intensity has again a

Gaussian-like distribution. The correlation peak occurs at u = 0, i.e.,

)
g
J

1(0) = 21 [tan (1 + 84/21 ) - tan - (D)]. (21)
N Since the spatially Gaussian target essentially has low spatial

frequency content, the normalized correlation peak (i.e., I(0)/AX) is

relatively independent of the spectral bandwidth, as shown in Fig. 5.

Y
O SN PO

To investigate the effect of spatial frequency on the temporal

coherence requirement, we shall now assume that a one-dimensional

WY S S AP S AP AP S TP Ao s o P - . .. U Y GO % - PR WP U Py S *;_kJ
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sinusoidal function as the input object, i.e.,

t(u) = rect(;) [1 + cos(2mqu)], (22)

where q is the spatial frequency of the input sinusoid, and
1, |ul < W/2,
0, otherwise,

rect (—;') 4 (23)

L] .
o S

where W is the spatial extension of the target. By substituting Eq. (22)

into Eq. (16), we have

A(u';r) = AO/A [ rect q%) {1 + coa(2nqE)] rect CQ%EL) {1+

- [e]

cos[ano(E - u')]ldEe , (24)

where WB = WX/AO, and q = qA/Ao. Thus at u' = 0, Eq. (24) becomes

sin (‘ano) s in (nWq)

A(W,q,A) = AO/A W+ Ta q

sin["W(q-q )] sin[vw(q+qo)l
2m(q-q,) + 2n(q+a) b

(25)

The normalized correlation peak can be determined by the following

equation:
Ao+ Ax/2
o L [P 2, .
A AN A" (w,q;)2)dA (26)
A, - ax/2

Figure 6 shows the variation of the normalized correlation peak

as a function of the spectral bandwidth of the light source, for different

-2t s

gpatial frequencies of target (i.e., input object) signal. From this

figure we see that the normalized correlation peak monotonically

PN e

decreases as the spectral bandwidth of light source increases. We also
see that the normalized correlation peak drops rather rapidly as the spatial

frequency of target increases.

tasasadl iosn
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On the other hand, Figure 7 shows the variation of the normalized .j
correlation peak as a function of the spatial bandwidth A)X, for various .}
4
]

P target extension W. Again we see that the nnrmalized correlation peak

3 decreases monotonically as A\ increases. And the normalized peak decreases g

very rapidly as the target extension W increases. Thus from Figs. 6 and 7, - ;j

we see that the normalized correlation peak strongly depends on the »;

spatial frequency and the extension of the target. »é

Using the half power point (i.e., 50%) as a criterion of the ;‘

z normalized correlation peak, we can determine the gpectral width ]
; A\ requirement (i.e., temporal coherence requirement). The results

are shown in Tables 1 and 2. ;‘

From these tables, we see that for relatively small and lower

- spatial frequency target, a relatively broader spatial bandwidth

of the light source can be used. In other words the higher the spaﬁial
frequency of the target or the larger the extension of the detecting
signal is, the higher the temporal coherence requirement (i.e., narrower
spectral bandwidth) of the light source is needed.

Furthermore, from Tables 1 and 2, a plot of the space bandwidth product
(i.e., Wq) as a function of the required spectral bandwidth of the light
source 1s shown in Fig. 8. From this figure, we see that the space
bandwidth product exponentially decreases as the spatial bandwidth of
the light source increases. Thus, for a large space bandwidth product,

an extremely high temporal coherent light source is required.

3.3 Spatial Coherence Requirement

We shall now discuss the spatial coherence requirement of the light
source for the correlation detection. For simplicity, we assume that the

light source y(xo,yo) is one~dimensional extended monochromatic source,

i.e.,
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Y(xo,yo) = rect (Z%) f(yo) 22N

where |
X 1, |x | < as/2,
rect (D) £ ° (28)
0, ohterwise,

and A is the size of the extended source. Similarly, the output plane

intensity distribution can be shown as

AS/2 x AS/2
I(u') = rect () Az(u';xo)dxo -2 J Az(u';xo)dxo, (29)
-AS/2 0
where o
*
Au'sx ) = J t (&) t(E—u')eXPIiZTrfx gldg, (30)
[o]
xO
and fx = EC
o o

We shall again consider a spatially Gaussian target of Eq. (17),

where we obtain

2 a2 2
£ ) ] expl-35 (u") ] (31)
av 2 % 2

L

A'x) =3 7 expl-(—T

The corresponding output intensity distribution can be shown as
48/2
I(u') = % exp[-a® (u")?] exp[-(= £ )z]d (32)
3 exp xp(-(3 x X,

a
Since the integral is independent of u', it can be shown that the output
intensity, like before, has a Gaussian-like distribution. To determine

the correlation peak, we shall let u' = 0, i.e.,
4S/2 2
™ i
1(0) = = J exp[-(a fx ) ]dxo. (33
a o
0
It is evident from the equation that I(0) depends on the size of
the extended monochromatic source AS. Figure 9 shows the normalized

correlation peak I(0)/AS of the Gaussian target. We see that the cor-

relation peak drops quickly with the increasing size of the source.
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We shall now consider the effect of spatial frequency in the corre-
lation peak. Again we use a spatially limited sinusoidal grating of
Eq. (22) as the input signal. For simplicity of notation we let

q= xo/(Kof) and g = ﬂ/(Aof), Eq. (33) becomes

AS/2
I(0) = 2 j (O;xd)dxo, (34)
0
where
sin(gWx ) sin[W(gx -nq)] sin[W(gx +mq)]
A(0,x ) = o+ 0 + 0
o gx (gx, - mq) (gx  + mq)
1 ) 2 qsin[w(gxo-Zﬂq)]
+ ?EEZ:E;EY [51n(ngo)cos (mWq) + (8xo = )
mqsin(Wgx )
+ —2 (35)
g%,

q is the spatial frequency and W is the spatial extension of the target.
Since q is not related to X, the spatial coherence requirement 1is
evidently independent of the spatial frequency of the input object, as
expected. However the spatial coherence strongly depends on the extension
of the target, as can be seen in Fig. 10. From this figure, we see that,
the normalized correlation peak monotonically decreases with increasing
source size. The rate of the decrease rapidly increases for larger
extension of the target. Again by using the half power point criterion,
the spatial coherence requirement for various values of the target
extension are tabulated in Table 3. The table shows the spatial coherence
requirement (i.e., source size requirement) increases rapidly as the target
extension increases.

In concluding this section, we have developed equations for the
coherence requirements of correlation detection for partially coherent

optical processing. We have also calculated numerical estimates for

ittt bihchcihinhack
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these requirements using half power criterion for some special cases.
We have shown that the temporal coherence requirement strongly

depends on the spatial frequency and the extension (i.e., space

bandwidth product) of the target signal to be detected. However, -
the spatial coherence requirement depends only upon the extension

of the target. We have also shown the coherence requirement for

a spatially Gaussian signal, as a special case. For this case, the

normalized correlation peak is relatively independent of the gpectral

bandwidth of the light source, but it decreases rapidly as the

source size increases.

1v. Noise Performance

4.1 Problem Formulation

The noise performance of an achromatic coherent optical system

was reported by Leith and Rothlz.

They approached the analysis through
the introduction of the concept of a three~dimensional transfer function
to describe the noise-suppression properties of the system. They showed
that such a system produces considerable noise-suppression if the system
is illuminated by a broad-spectrum light source. Both signal-dependent
and signal-independent noise were considered. In each case, they showed
that the achromatic coherent system behaves much like an incoherent
imaging system.

Here, we shall analyze the noise performance for a white-light optical
signal processor "7 (or a partially coherent optical processor), as proposed

in Fig. 11. We shall derive the output signal-to-noise as a means of

measurement for the noise performance of the system. The noise sources that

we shall discuss are primarily due to grain-noise and plane-noise at the

i

input and Fourier planes. The development of the output signal irradiance }
1
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and noise fluctuation are primarily based upon the partial coherence

theory of WOlflo’l3.

Since output noise fluctuation is dependent on
the degree of coherence illumination, we shall quantitatively analyze
the effect of noise-suppression due to temporally and spatially partial
coherent illumination. 1In this section, we shall, however, analyze

the noise performance due only to the temporally coherent illumination.

The noise effect due to spatially coherent illumination will be i

followed by a subsequent report,

We shall now evaluate the noise performance of the proposed white-
light optical signal processor, as described in Fig. 11. We shall first
investigate the statistical nature of intensity distribution at the
{} output plane. In order to do so, we shall evaluate the output light intensity

13
distribution due to the nth narrow spectral band spatlal filter, such as

Afdn oo ©o
1n (%)= JJrixe, o, 005000 {Js(xarat-agst, yurp)
Agp -0 -

Ha (d, B)exp{-1 Z-(xsts y)} dtdp | ‘dx,dy.da,
= (36)
where Y(xo,yo) is intensity distribution of the white-light source,
S(1) and C()A) are the relative spectral intensity of the light source
and the relative spectral response sensitivity of the detector, respec-
tively; Aln and Ahn are the longest and the shortest limiting wavelenths
of the nth spectral band filter, S(xo + o - Afvo, Yo + B) represents
the Fourier spectrum of the input signal s(x,y) due to wavelength
A, v in the spatial frequency of the phase grating, Hn(a,s) is the
nth spectral band spatial filter and f is the focal length of the

achromatic Fourier transform lens.
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‘The overall intensity distribution for the entire spatial band of
the light source would be,
’ N 7 0
I(x,ﬂ)-z In ("'o'a)

na)
N Min ©°

—Z S ”Y(x.) Yo 5 A)S *)c¢ (A)'.Sojs(x,dd-'kfv.) '3,+(5)

REl Agp 0o

H,;(a,{s)exp{-l T (X y0))dadp | *duc,dy, 4 )

(37
where N is the total number of the narrow spectral band filters.
The overall output signal-to-noise ratio (SNR) of the white-light
processor can be written as
| N
SNR == — 7T SNR, (38)
N na ’

where SNRn represents the output signal-to-noise ratio due to the nth
spectral band spatial filter.

We shall now consider a spectrally broadband point source (i.e., a
temporal incoherent source) for illumination. The spatial intensity
distribution of the light source can be described by a §-function
(i.e., Y(xo,yo) = é(xo,yo)]. For simplicity, we assume that C(})
and S()\) are constant over the spectral width of the light source.

Thus Eq.(37) can be written as

Adn oo P
L= | [{5 (=250, B)Hals, 8)expl-i THaXs81)]dsd ] aN,
Ay,

(39)
where the subscript n represents the nth output irradiance due to nth

spectral filter Hn(a,B) and the proportionality constant is disregarded
for convenience. In analysis, we let the input signal be a one dimen-
sional object of y variable [i.e., s(y)]. The phase grating at the input
plane is perpendicular to y direction, which can be described as
exp(iZﬂvox). The corresponding Fourier smeared spectra are also one-
variable function in the 8-direction and they are smeared into rainbow

color in the a-direction. Let us denote that the width of the nth

) o ! ww . o b e ot
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! narrow spectral band filter be Axn. If this filter is placed in the 1
b ¥
L' appropriate spectral band of the smeared Fourier spectra, the corres- —
r 4 >
h, ponding spectral bandwidth Axn is obviously determined by the spatial g
width Aan of the filter, which can be approximated by the following b
. equation; p
b b
— 4
AK,‘ = (AJM.’ j.n) - Ad'ﬂ. /vo 5‘ (40) j
X By [ixing the spatial width Aan ol the fillter, the redundancy of the
p filtered signal would be proportional to the spectral bandwidth AAn of

Py

the filter. 1In other words, the broader the spectral bandwidth AAn,
the higher the redundancy of the filtered signal is expected. From
Eq. (40), it is evident that either a lower spatial frequency Vo of
phase grating or shorter focal length f of the transform lens should
be used to improve the output SNR at the output plane. However de-

creasing the grating spatial frequency Vo also reduces the number

e g

of spectral band filters in the Fourier plane. Thus it would also

reduce the processing capability. Although the output SNR would

decrease as v, increases, however larger the v is used also implies
that a larger number of spectral band filters can be utilized in the
L Fourier plane. Thus the overall output SNR would be increased due
F to the addition of the mutually incoherent filtered signals, from
.

.

each spectral band filters Hn(B).

It may be known that the output Iintensity fluctuation is primarily
due to the statistical nature of the phase and the amplitude noise
fluctuations. We shall now define the output SNR as an ensemble average

of the image intensity In(y) divided by the square root of its variance

that is

SNR () =E (L.(§)] /oy, ’ (41)

9In’
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where

? 2,/% (42)
p = {E[Tn (- (ELL. I
Again we note that a one dimensional notation i{s used, since the input

signal is assumed to be one-dimensional. In order to describe the output

SNR explicitly due to the effect of partially coherent illumination, we

shall define a normalized signal-to-noise ratio SNR, such as,

SNRL(P) .y SNRa(Y)  Sor partially cohurenk Ubumination

SNRn(f) for coburent WLumasmaktionr ’(43)
which is equal to the SNR of the partially coherent case divided by
the coherent case, where the subscript n denotes the nth spectral
band filtering.
We stress that the spatial average of Eq. (43) shall be used for
estim&ting the SNR over the entire output image plane, for example:
(a) For a continuous representation, the output normalized
SNR is, .
—_— I AR '
SNR, == | $NR.(f)dy (44)
-t/2
where L is the size (i.e., the length) of the output image, and
(b) For a discrete representation,
| M
Wn""ﬁ'z SNR,‘('g;)’ (45)

ms=|
where M represents the total number of sampling points. From these
definitions it is reasonable to assume that the §§§; is equal to unity
for a strictly coherent illumination and gﬁin increases as the degree
of coherence decreases.
Since gﬁig is defined for nth spectral band filter, the overall

output normalized signal-to-noise ratio can be written as
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D \ N (46) 3

= — N B

SNR =T SNR, B

Nm| .¥

where N is the total number the spectral band filters in the Fourier ;
plane, which can be estimated by, ::
R

A AN y . )

N= ~ A2 Yo for Y, >>a), 47 y

J

AN and AO are the spectral bandwidth and the mean wavelength of the light
source (e.g., white-light source), respectively, v, is the spatial
frequency of the phase grating, and/\vu is the spatial frequency bandwidth
of the input object, in a direction.

We stress that, Eqs. (39) to (46) ghall be used for the evaluation
of the noise performance of a white-light optical signal processor.

Prior going into the evaluation of the SNR, we shall specify
the statistical properties of the phase noise and film-grain noise,
respectively. Let us now adopt an overlapping grzin mode 14 to _,
describe the granularity of the recording medium. For simplicity of
evaluation, we would make the following assumptions:

(a) The film-grains are rectangular in shape and the center
of these rectangle grains fall randomly over the recording plate, as
shown in Fig. 12.

(b) The distribution of the grains (i.e., the choice of where

the center of a rectangle falls) is assumed to be independently

distributed.

3

and (c) The distribution of the grain, over the recording plate, ﬁ

- is Poisson distributed, i.e., ;

: B

) N! N N-m \
. G (m)= : P (I-P) (48)

3 N min-myt "

H

The mean value and the second-order moment (correlation function) are:

E(a(yp] =Ca (49)
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and

£ (G406 (§2)] =Cy exP[23DR(|Y-%:|/2)] |, O

respectively, where D is the photographic density, & 1is correlation

distance and

|"|'J|"'jz|/1- , for 'Ha“dd‘l
(51)

0o ,  O+herwiel

2

where the function R([yl - y2|/2) is shown in Fig.13.
Although the film granularity is generally a nonstationary Markow
16

Chain for simplicity, we assume that the grain-noise is a

stationary process.

As for the phase-noise, the phase fluctuation ¢(y) is primarily
due to the thickness variation and the refractive index fluctuations
of the emulsion. For simplicity, we would make the following assump-
tions:

(a) #$(y) is a stationary random function of the coordinates,
the probability distribution of ¢(y) is identical throughout the entire
recording medium.

(b) It is reasonable to assume that ¢(y) has zero mean i.e.,
E[¢(y)] = 0, since the phase fluctuation can be regarded as a bipolar
function.

(c) The autocorrelation function of ¢(y) is dependent ~nly on
the difference in distance lyl - yz‘ since $(y) is assumed to be a
stationary process. We note that the autocorrelation function has

various functional forms; for example [13], the Gaussian form represen-

tation;

E(9(4)PY2)]) =a’exp[-(Yy,- 42)°/a?) , (52)
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N 1
and the expounential form representation; :

o

E (¢4 () =0 exp(-| Y- 921 /4] | (53) p

where 02 is the variance of ¢(y), and the quantity d is called the

§
scale size of the irregularities and can be regarded as the size of ’ ?
an average blob, in the emulsion. However d is best known as the

correlation distance. For simplicity, we shall however use the exponen~

tial form for evaluating the output SNR.

{ 4.2 Effect of Noise at Tnput Plane
t”- We shall now evaluate the noise performance of the proposed white-
E‘ light optical signal processor due to input plane. Let us consider the
;; output intensity distribution due to nth spectral band filter of
Eq. (37). By Perseval's Theorem, the output intensity
p distribution, in a one-dimensional form, can be written as
;; A&n | , -] . 2m , 2
: L9 =] | sxt(y) * [JHa@ erp(-igoy)dp] dr, oo
Agn g

where the subscript n denotes the nth spectral band [ilter, * denotes

the convolution operation and t(y') represents the one-dimensional input

signal with complex noise. The complex noise is due to the random

thickness fluctuation of phase distribution ¢(y) and the granularity

-

o Salla

G(y) of the input transparency. We note that the phase-noise and the
grain-noise can be regarded as multiplicative and additive type noise,

respectively. The overall input signal can be written as,

t(*g)--*S('j)exp[LKwy)]+G(3) , (55)

where k = 2n/), and s(y) is a one-~dimensional signal.

o r“;
. 1 «
R .

To evaluate the output SNR, we let the input signal s(y) be a

sinusoidal grating with a spatial frequency v. Thus Eq. (55) becomes,

rv———-————;'vv—‘_-,s
. BN DA

LT - PR IPGIPI PRI D W I RPN A U I Ry SOE UUl PN U U W gy




— ’
A .37

t("J) —(I+Si~\2nvg)exp[£p(¢(.d)]+(_:,(.a) . (56)

)

We shall now Investlgate the effect duc to phase-nolse and {ilm- ig
grain noise independently in the followlng: g
4.2.1 Phase-Noise 5

To investigate the effect due to phase-noise at the input plane, we
simply let the film-grain noise be zero and assume that the nth spectral band

filter Hn(B) be bandlimited, l.e.,

R4 TN

H{@) == rect (2)\(;» ) : <7

By substituting Eq. (57) into Eq. (54) we have

Ahn oo . , 2
I,‘('a)=g | S (i+5in2nv|a)exp[i.K¢(7)]Mﬂ:ﬂdaldx
Aw "% v 4=) (s8)

If we take the ensemble average, Eq. (58) becomes

Mn oo Sim 20 ,
- - - m " -
(Y .___._S ff(l-&SmZﬂ'v Y(1+Swm2ny )———Lﬂ,
E (104)] 1 4wyt )
Adwn -0
. v -
mz"y - - - - .
%3 2 (1 )De[exp{uxtqa(»cp(,)]}]dgdaM.
rdd (59) >
- |
]
: We shall evaluate Eq. (56), with the following assumptions: 3
: R
- R
. (a) k ¢(y) < 1, a weak phase-noise, and B
E (b) higher-order moments of ¢(y) are much smaller than the 13
Y
{% second-order moment. -;
: B
- With reference to the Taylor series, the ensemble of the exponen- 3
1
- tial term can be written as: J
H R
b-
: :
L :
- — ‘
b‘ ‘.
s a
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E(exp{ix{&(y)- $(42)13) :
= [+ CKE (6030~ BUy] 5 (EK) B [[94)-$(4)°) -

(60)

By utilizing the exponential form representation of Eq. and

the assumption of E[¢(y)] = 0, Eq. (57) is reduced to

E [exp{ik ((9)-4(§)]} 1= I- K*0 %+ kg% exp(-1y-§ 1/4) (61

By substituting Eq. (61) into Eq. (59), we have

2 Rn M 2
EL) =T (=458 dx + L)1) ";;;ou
A Atn
2.2
=(hen M)+ AT (141,51, 4)
=arI2(Y)- -—-1'-(;——— TR ACHINCY )]
(62)
where
T (y) & {(14smany )5;“2"”'(1"’) 4 (62a)
el ORI R
IL(y) —f—_S(|+slnzw'd)_5"M_2"_”'(_ﬁl;ll.exp(‘d/i)da (62b)
% 'tr(td-ta) )
and,

I,(y) _%_j(us?azwwd) Sim2m) (Y- §) exp (- V/A)d'j (62¢)
"4
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The ensemble of the square irradiance can be obtained by the following
integral equation:

A‘&n °e . ’
E [I: (H]=€el{§ (S (HS;mzﬂv‘a)(|+5;“2,,v§)5m2nv,(a—n)
Atn -os -9
i X Simany (4~ %)
w(y'-9
Adn oo _
=jS dx,dA, SSSS (|+shznv1.)u+shzwg,)(“sc.,zm,az)

Agn

expli K (P(-4(§))} dyaFdr))

sim2ny (-4 sim2ny ¢4~ )
w(y-Y.) m(Y-4)

X (145270 Y,)

. Sm2rv (Y- ye) SWZ"”(‘J"_&) Efexp{iri($(4)-9(y,)
T(Y-Y2) Y- 42)

+iK (P04)-#(3)1}dy,dY, dg.dTe o)

Similarly, the following equations can also be obtained for either

the weak phase-noise or the small higher order moments assumptions,

such as
Elexp{ck ((§)-d(g]+ ike (¢(4)-9(F,)]})
= 1 =UKivKT - KTE [$3)804))- KE E (6T ()]

* Kk E(903,) 9(10)] - E (614, d(F2)]
BRASADLICE ElP)d ()] (64)
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By substituting Eqs. (64) and (50) into Eq. (63) and using the symmetrical

properties of the integral function about the variables (y.,y,) and
172

(;l, ;2), we obtain the following result:
2 Aun
E (L) =J] 1'y)- B =L D L)L)

Aln

x ( ;'2 - l: ) dA,dAra

2
2 ’ k -A 2 L4
= (Adn-2Aga) 1 (4)- an’o“—;fj% L) 63

2, ., ’
Ly LII (4-1a(4 )13(3')3 .
where I, to I, are defined in Eq. (62). With reference to the definition

of SNR | of Eq. (41), the signal-to-noise-ratio due to the nth spectral

band filter would be

SNR(,")(g') = E (1.047) .
{ELT*¢m-CeleH}
2,2
_ (- i’;’;)I.’f‘D- ﬂ"o_[lz(3')'lz(‘d')ls('3')]
I/' [1 (-LAHIPY|

(66)

where the superscript (1) represents the output SNR due to the phase-
noise at the input plane and Axn = th - Azn is the spectral bandwidth
of Hn(B). With reference to the definition of Eq. (45), the output

normalized SNRn can be obtained, such as

) M 2,
T SN W O SRR

el 1400/ AL (T7 (90 - T (9) Is (9] | ’

(67)
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We note that the normalized output signal-to-noise ratio gﬁis(l)
due to nth §pectra1 band filter shall be used to evaluate the input
plasce-nulse performance as a ftunctlon of AAn (l.c¢., the temporally
partial coherence effect) of the proposed white-light optical
signal processor of Fig.ll. We shall first investigate the behavior
of Eﬁﬁg(l) as a function of spectral width Akn, for various values

of normalized spatial frequency £, i.e.,

4 Y

Ll e
c ’

where v is the spatial frequency of the input object and Ve is the
cut-off spatial frequency of the optical processor. Plots of the
Eﬁi;(l) as a function of A , for various values of Q are given in
Fig.1l4. From this figure, we notice that, the higher the spatial
frequency of the input object the higher the gﬁin(l) for broader
bandwidth Akn (i.e., broader band temporally partial coherent illumina-~
tion). In other words, the Eﬁi;(l) would not noticably improve for

low spatial frequency object, for phase-noise effect at the input

plane. Nevertheless, the situation would be quite different, as we will

show in a moment, for multi-spectral band filterings as depicted in Fig.l1l.

(1

Let us now investigate the SNRn as a function of AAn due to

kzn (i.e., shortest wavelength limit of the nth spectral band filter).

(L)

Figurel) shows a set of plots of SNRn as a function of the spectral

bandwidth Akn, for various values of A, . From this figure, we see

in
that, the SNRn(l) increases as the spectral bandwidth Axn increases.

For a shorter wavelength limit Azn‘ the SNRh(l)

shows a noticable
improvement for wider spectral bandwidth Akn of this filter. In
other words, the overall phase~-noise improvement is more noticeable

for short wavelengths.
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We shall now investigate the effect of overall phase-noise performance
of the proposed white-light optical processor utilizing multispectral beam
filterings. With reference to Fig..l1l, the overall output signal-to-noise
ratio of the processor would be the sum of the mutually incoherent narrow
spectral band SNRn. Thus the overall output normalized signal-to-noise

ratio, due to phase-noise at input plane, can be written as

Z g {l* Aln/iuxlf(v;)
netmet [ 1=47%0%/n% (T4 LG G)]
)

(68)

A plot of the overall SNR as a function of the number of spectral

band filters N is given in Fig.l16. For this figure, we see that, the

overall SNR(l) increases rapidly (approximately exponential increasing)

as the number of spectral band filters increases. This effect 1is quite
noticeable for broad spectral band filtering as in contrast witi the

narrow spectral band filters 17. Thus we conclude that, the broad-

band white-light optical signal processor does improve the phase-noise

r{} performance at the output plane, as in contrast with a coherent processor.

4.2.2 Grain-Noise

Let us now evaluate the effect of the noise performance due to film-

{i. grain noise at the input plane. We note that, by varying the wavelength

of the light source, it 1is generally noticeable to make a distinction
between the grain-noise and the object, since the photographic grains
will not alter by different wavelength illumination. In other words,
a temporally partial coherence illumination can not reduce the effect of

film-grain noise at the input plane. Nevertheless, we shall quantitatively

evaluate this effect in the following:
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As similar to the phase-noise evaluation, the output intensity dis-

= .
. L .,

tribution can be obtained by the following equation:

An a0 .
, . smarv(y-4) 2 y
L C)=] | §Crsinamwyeaay) ”’1‘,(3,_%) dy | an (i9)

Agn -00

where G(y) represents the additive grain noise, and [1 + sinZvvy]

v e
. PP
e e et
A e

is the input signal function. By taking the ensemble average of the

above equation, we have

Ahn oo
EI.m={{ J{ 14 simzmy) (145im2n P+ (5imzvy)

Agu =00

M AL AT i it UGN
AR RS ‘ .
ettt PN e e

x E[(G(F)]+ (1+sim2T0H)E (G(4)]+ ElG(GE))

< sim21(4-Y) imznvcw'-§> dgdg}dk (70)
G- m(y-9) '

With reference to the definition of Eq. (50), we see that
E(G(y) G(y)] is discontinuous at |y-§l > %, The integrant of Eq. (70)
is not easy to evaluate.

To simplify the operation, we approximate E(G(y) G(y)] by a

continuous function, as shown below,

E (6(GCH) =Ca { (exp (23D)- 1 ]exp (- 14-F1/a) 1}

where CA = E[G(y)], and a = 1/{2.3 + ln[exp(z.ju)-l]} is a continuous
function.

To justify the approximation of Eq. (71), a plot of Eq. (71) as
compared with variation of Eq. (50) 1is shown in Fig.1l7. From this
figure, we see that only small amounts of deviation is introduced

by Eq. (71) as compared with the variation of Eq. (50). Thus the
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approximated function of Eq. (71) would not expect to introduce significant
errors in the subsequent evaluation. ]
Now by substituting Eq. (71) into Eq. (70), and using the same approach 4

as Eq.(63), the ensemble average of the output irradiance In(y'), due ;
)

to the nth spectral band filter, can be shown as

ELT.(4)) =1 (y)+2CaTa(Y)+ Cy [exp(2:3D)~ 1 ]I, (L)

+C Ly | (72)
where
I, (Y) é” s'wzwv('g'-'a)d (728)
3 l (g~ ¢,
N Al STV oro (.
1, ¢y -—-L (- ) exp( ﬂ/a)ol.'a ; (72b)
15(3’) ég S.W‘ZW”(“CJ_). exp('a/q_) Ay, . (72¢)

Sl

and Il(y') is given in Eq. (62a). Similarly, the formula for the

covariance can be derived in the following:

Adn oo
E(I2(y)) =,§S drdre [[f{Cesimamy)(1esimanvy))
L0 - o0

x (|+$M2nvyz)(l+55w2"vgz)+4 (1+5m2muy,)
x ( nsmznug,)(nsfmznvgz)e (G(Y)]

+ 6 (1+simampy)(I+ sim-2rV Y YE[G () G4}
<Ay, dy, dy.dy,

(73)
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where we have utilized the symmetry property of the integral function

with respect to the variables (y1,§l) and (y2,§2). We also assume that

the higher-order moments of the random funct lon GC(y) arc much smaller
as compared with the second-order moment (autocorrelation) functlon.

Furthermore, by substituting Eq. (71) into Eq. (73), we obtain

Ef l: ( 'd')] = If(‘d') +4Cy I?( 'd')I.(Z')'o 6CZ (exp(2.30)-1]
| xI,z(‘j')I,.(‘d')Is(‘d')* 6(22A If(j’)lz(‘a') , a9

where C, 4 Bley)].

With reference to Eqs. (41) to (45), the output normalized SNR, due to

the input grain-noise can be written as

] M ’ ’ ’ 2 ’ 2 2, !
LT R EHTAEN AUS) CARAATS A O

Mme)

+ (exp(2.3D)- 1)L (§)I5(4u)1} /Ca{4 [exP(2:30)

VT (Ym) T F ) 1 () - 4 Co T CY~) (o) (T 5)
+{exp(2:30)- 1] 1 (Ju) I (90) = Ca (13 (4m) +
(exp(2.30)- 1) 14 (41 (32)1) 72 ) a9

where the superscript (2) denotes the SNR due to the input grain-noise.

We note that if Cy, << 1, then Eq. (75) reduces to

SNR = ) E ALY (76)
- ’ ’ l/

M 26 {lexp(3)- 1), (Y ) (ga)) 2

From the above equation, it is evident that the §§§;(l) is independent

of the spectral bandwidth AAn (i.e., the degree of temporal coherence).

B PP , . . s ) N
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In other words, the effect of the grain-noise performance (due to the
input grain-noise) can not be improved by using a temporally partial
coherent or simply temporally incoherent illumination, as expected.

We note that this behavior is quite different from that as encountered
with the input phase-noise case, as described previously. There are,
however, several interesting behaviors that can be infered from the
result of Eq. (76). For example, the gﬁih(z) i{s dependent on the mean
value CA of the input grain-noise. The value of Eﬁig(z) decreases
(approximately exponentially) quite rapidly as the mean value CA
increases, as shown in Fig. 18. However the Eﬁi;(z) is independent

of the spectral bandwidth AAn of the processing filter, as shown in
Fig. 19. From this figure, we see that, the overall signal-to-noise

(i.e., SNR2)

) should be independent of the number of the spectral
band' filters used in Fourier plane. In other words, the input grain-noise

is considered as a part of input object, which can not be eliminated by

temporally partial coherent or incoherent illumination.

4,3 Effect of Noise at the Fourier Plane

We shall now describe the effect of noise at the Fourier plane. Since
photographic plates are usually used to synthesize the optical spatial
filters for signal processing, the phase fluctuations and granularity of
the spatial filters have significant effect on noise performance of the
optical processor. Although the setup-noise 18 is primarily due to

scattering and reflecctions from the optical compounents of the optical

processing system, however we assume that all of the optical components
are sufficiently far from the input plane, as compared to the focal

F’ depth of the optical system. It is therefore reasonable to assume that
»;; all the setup-noise sources are concentrated in the Fourier plane. If

;2» the optical components are of high quality, the resulting setup-noise
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is generally very small as compared with the phase and the grain-noise
of the photographic emulsion. Thus, the phase and grain-noise of the

nth spectral band ({lcer un(n) may be wrltten as,

Ha(6) —[exp (i K(@))+6(0)] rect (<h) | an

where ¢(8) and G(B) are the respective random phase and grain-noise
distributions, the rectangular function represents the size of the gpatial
filter in the g-direction, which is limited by the spatial frequency
of the input signal, v. Again, for simplicity, we would use a one-
dimensional notation for the noise analysis.

We shall now analyze the effect of the noise performance, due to
the random phase ¢(B) and grain-noise, respectively, G(8) at the output
plane of the proposed white-light optical processor in the following:
4.3.1 Phase-Noise .

Again we utilize a sinusoidal grating, as input signal, superimposed

with a phase grating at the input plane. The resultant amplitude trans-

mittance is
tx, ) = (14 Coszwv) exp (L2mlex) (78)

The corresponding Fourier spectrum at the spatial frequency plane can be

written as
S(d-VFA, (3) m 5 (- FA) ((B)+ T 8(F-25A)+ 58 (B+¥FA)] | 9)

With reference to Eq. (39) the ensemble average of the output intensity

due to the nth spectral band filter would be
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.
r

E(I.({)) =?S“ SES §(t,-Ve5A)[E R0+ .'z.s((s,-ygx)

KM - 00

ol B Bl

s 8B 25M)] §(do- VefA) [57(02)

R _'-g((s,-»s»)» L 562+ ¥51)] | ]
o reck (525 rect (5F) Elerplik (e
- b(p2)]} ] expf- ik Z-((d-da)x+ (p-P2)3]])
xdoddz dpidpzdr (80)

From the result of Eq. (61) Eq. (80) can be written as

E[Lo(y)) =aAn(1+ oosznvv')z- 4o’ {4 (

A (XhQAln)
- 4 Kz (8An)] cos2nrvy’s ( M.\(A,l& oW
”n n
-4 K, (AM)]} cosmwla' , (81)
where
Adn '
Ki(aw) £ | — exp(-Afu/d)da
Agn
— Ay €XP ("’%nfu/d')'k,tne’xp (' Aln fu/d‘)
Adn Aon
= B (6 5B (AnFV/A)] | aa)
Adn

F’ K2 (M,)—S —}%— exp(-Afy/2d)dr
Apn '

. Agn€XP(Agafv/2d)-2y, exp (-2, §V/24d)

Adn Agn
L
2 AR (A ) il A2 )] |
f-;; and Ea(f)ﬁ-x —;";—expcy)cba . (81c)
o -

_________

PR UL W VP WY VAP WY WY Y W MW SR 1P W AT 1PN W WP Y DAY W W W G W CUPT S sOR v UF W VN Sl SN T T ol i,




Similarly, the ensemble average of In (y') can be evaluated in the

: following: :
N A n ©°
4 (1002) = 1] (5o £ B8 o

Ag, =00

([6C@e)+ g EPe-ir)+z E(B2r¥EN)] h
S (S E)+ £ 5 (Br- o Z §(Brsv5A)]
(5138 (252 28 (Frv5)]
«[1- (K kDT KTE[S(01) ()]

+ KiKe [E (DB DB+ E[PBID(P2)]

+ E[d(p) b (B,)]) - E[P(p2) d(f2))]

+ KEE [P(B)$@E] rect (—55)

reck {—Pr) peck (—B2_) reck(-

X ( VEA ru/t( »}zxz —re,ot »S'M.)
«expl-i ST (A-C2)y -1 (@)Y’
xdBdpd B, AB2 42, dAz2 . (82)

By substituting the exponential form representation of Eq. (53) i.e.,

E[¢(Bl)¢(82)] = 02 exp[-|Bl-82]/d] in Eq. (82), we have,
4niol

+4m20 2 aang (1+<0S zw'a’)2 [

J(1+cosznuy’y?

E (L] =ara(I-

3AAn
Apn(Agnt 82a)

+Ks(8An)cos2TRY'y Ks(Mn)C-OSM”}j'] ]

+ 470 Ky (8xn) (Kq (An)- K3 (81n)]

x(1- c:.ostnw-j')(pc,aszm)'a’)z , (83)

BT
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o

where Mv\ 4
A Kalorn) & Joexp(-A§0/24) AN =E (Aan$9/2d)-Ei(Agafufad) |
roe (83a) i
L Kt,(bkn) 5 -—-BXP fXD/Zd_)d,K E: (7\,,,.’5‘»/2&) E: (Aznf’v/Zd)
| A2 (83b)
vy ___4d -
2 K5l £ 2Kz (8An) = 8 [exp (-Aun$ [24)
-exp(-ag v /2d)) ) (83c)
and. .
Ke (AAn) = K, (8An)/2 - “:L ™ [exP(-Aunf/4A)
(83d)

- exp (-2 fv/d)] .

With reference to the definitions of Eqs. (41)and (42),the output SNR_,
due to nth spectral band filter, under a broadband temporally partial
coherent illumination is

SNR(3)==AA.;‘{(|+COSZN)J3) 4o [4(

i
AM(AM" “ﬂ)

) (x sBA) § Ka(orn)

-4 KI(AAn))cosanvaJ} /

X C/OSZZJITa +

{4 nia? (14 c,asztu)a)2 (K3(8An) (K4 (aAn)- Ks (8An)) /aAn

- n 4 AAn /
+(Ks(0An)- 4 K2 (AAn) + M...(M.\MM)) cos 211»3

+ [ K (8An)~ K, (&An) - Ah(ii’:u 5 K3 (8An)

‘[K4(Mn)-Ks(Mn)]/AAn]uswva']}'/2 : (84)

v ——
Ot g T

T DA I N
’ s 'o ‘- l’. Ta P

K R,

where the superscripts (3) represents the effect due to phase-noise at

the Fourier plane. Futhermore, we note that
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Liom Ky (&) foAn = ( |__ 3 ) (84a)
: I [ $V
4 i Kz (0An)/arn = - (84b) .
S BAn>0 Apn ( Apn 24 ) '.}
3 P Ky (8An)/02n = L - 2 - i
- AA,»0 Aan Zd. ) _:
i - *:
8 Dim K4 (0An) /oA = —— 4 ¥ 54 ]
N An>0 Agn 24, g
. 2 Yy 2 o
Lim Ks(&n)/dknﬂ -;:L(-l_z:- %)* ;;—exp(-/\,,‘su/zd) | (84e) ’#
AlAn=>0 :
and | §)) l
Lm KG(AM\)/AA»\ (—A—‘:"‘I'\"’ _A'!_Q’XP (- hf”/d) (84£)

AXn>0
Thus, the SNRn for strict tcmporally coherent illumination would be

3 3)
SNR,. (Y’ == Jim SNR,"(Y')
'a)cm AAn0 'a l
2.2 _
{(Imoszmaa Y ~-4n% [—-,—caszwa + hcoshwd ]}/

{an’o' (|+cosznwd) (¢ o 24 ) Yy +( :u+ l:}d

e - Y
+ XL exp (. /\uiv/zd-))coszwv +((7:n- %I* Z:LL

z:,:d * —‘*— exp (= Apn §V/d)) cosgmyy’ ]}”2 (85)

e e
R

Finally, the normalized output SNR, due to nth spectral band filter, can

. g

be shown by the following definition:

—3) | M () S 3, .

SNR. = L SNRL (L) [SVR(Ym) cotprent . (86) ;

mni -

Since conclusive results are rather difficult to deduce from Eqs. (85) :}
and (86) we would convert these equations in more amenable forms, for

which are suitable for numerical computation. Let us confine the

normalized spatial frequency of the input object transparency in a
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region, that the following condition holds:

d (87)
XV )

where d [ the correlatlion dlstance, § Ls the focal length of tranaform

£ <K

lens, A is the wavelength of illumination, and V. is cutoff spatial
frequency of optical system.

We note that the correlation length d of the phase fluctuation
can be assumed equal to the minimum resolution distance of the optical
processor. Equation (85) is essentially representing a low spatial
frequency signal, since the ratio of d/(fkvc) is generally true for the
proposed white-light optical signal processor. Thus we shall use the
condition of Eq. (87) [i.e., Q < d/(fAvc)] to describe the noise
performance due to phase-noise at Fourier plane. By the
imposition of Eq. (87) Eq. (86) can be written in the following form,

which is more suitable for numerical computation:

™
RS = 2 41205 Ln (1403n/A
SNR, —vmgl[(lnoszw»z_,)z_ 3 (Axn an)

x (C0S zw»a; +cosawa:..)](l-3co52wy:.
' ’ 2,2
- 2c054mY.)/ { (1 +cosznu3,,)z- %’.’_

x (2¢052mV i+ COSGMVY )] [(1+cosemayL,)

X ) ' ,QM(I"'M;\/I\-JA\) +(2C-OSZ'TD3:“
On
+cos gruyl ) Laat On oAn } (88)
Apm ¢+ 8An .

From the description of Eq. (88), and note that the term [&n(l + AA/XQn]/AAn
is a monotonically decreasing function of Axn, we see that, the broader

the spectral bandwidth AAn. the higher the SNRn(3)

can be obtained.
Since Akn is inversely proportional to the spatial frequency Vo of the

phase grating, a higher SNRn(3) could also be obtained by using a lower

PR 4 LAA<___.J

|

'ql"'J'A‘A'J 4 ‘_.:' .
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:: v, However the number of spectral band filters also reduces, for

a lower Vg We should emphasize that, the larger the number of
spectral band {llieesn used, the hlgher the overall output SNK( ) cin

(3)

be obtalned, although SNR decreases somewhat Cor higher vy Tn

SO PO A I I I
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ot
)

¢

D
y

Y LI fd
]

otherwords, the filtered signals, from each of the spectral band filters,
would be incoherently superimposed at the output plane. Thus the effect
due to the phase~noise from the spectral filters Hn(B) would be sub-

stantially supressed due to the incoherent addition. Thus, the overall

output SNR(3), due to phase-noise at the Fouriler plane, can be written
as
SNR Z‘ SNR (89)

n-l
We note that, by replacing AAn by AX in Eq. (89), we have

—_—3)
SNR™ = SNR,,

SNR Shn b 8N (90)

where A\ = NAA;, the entire spectral band of the white-light source.
We also note that this results is quite consistent with the experimental
results for broadband deblurring with a white-light source17

In order to get some more feelings on the effects due to signal spatial

(3)

frequency on the SNR , we let Axn go to infinity, i.e.,

("1

+aAn /A
0 In(i n[ 2n) =0, (i 2An t BAL -1
Thus Eq. (88) reduces to the following form

v . . n't'l . .
! R e S

SNRY = M Z {(Hooszwa.,)(hscosznva.azcosl.nva.,)}/
: e | .
‘ {[(Hc,oszwv\d..) 4"1" ic(zcx.>521wt61M

4casanuga)](2cos2rryl tcoshnyL) ] jar OAnsee

3 (92)
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Thus, we see that, for relatively low Q, the SNRn(3) increases as the

spatial frequency of the signal increases. In other words, a significant
(3)

{mprovement of SNRn can be obtained for higher spatial frequency signal.

However, the higher the spatial frequency requires a larger size of spectral
band tilter [i.e., Aﬁn(B)]. For temporally partial coherent illumination,
the noise at the output plane would also be increased, compared with a

lower spectral signal. However, the situation is quite different for
multi-spectral band filterings, the overall output noise would be sub-

stantially supressed, due to the incoherent addition of different spectral

band filtered signals.
(3)

Several plots of SNRn ~as a function of spectral bandwidth AAn,

for various values of normalized input spatial frequency Q, are given
in Fig. 20. The plot for low frequency case (i.e., 2 = 0.1) was evaluated
by using the Eq. (92) while for Q@ = 0.4 the plot for Q = 0.4 is obtained
by using Eq. (88). From this figure we conclude that the §§§A(3), due to
phase-noise at the Fourier plane can be noticeably improved by using a
broadband temporally partial coherent illumination, which is similar to
the effect due to the phase-noise at the input plane, as shown in Fig. 4.
The higher the spatial frequency of the input signal, §ﬁ§n(3) can be
improved to several temns of orders, as compared with low spatial frequency
case. We note that the improvement of §§§Q(3) is several orders higher
than gﬁin(l) dvc to the phase-noise at input plane, for higher spatial
frequency case. Similar to the input phase-noise effect, the Eﬁﬁn(3)
can also be improved for shorter lower wavelength limit Aln' The
variation of §ﬁ§;(3) as a function of spectral bandwidth Axn, for
various values of in , are plotted in Fig. 2l1. From these results, we
= (3)

see that the output SNRn is apprnximately exponential increasing as a

function of Axn. As similar to the effect due to phase-noise .n input
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R4 A

plane, the improvement is somewhat higher for shorter wavelength temporally
partial coherent illumination. -
4.3.2 Grain-Noise

In the evaluation of the noise performance due to grain-noise at the K

Fourier plane, we shall handle the problem somewhat differently. Since
the scale of the signal spectrum is proportional to.the illuminating
wavelength of the light source, the diffraction due to each of the
spectral band filters behave quite differently with different wave-
length illumination. The grain-noise at the filter plane can be
substantially smoothed out with a broader band temporally partial
coherent illumination. Thus, we would expect a higher output signal-
to-noise ratio for a broadband illumination (e.g., white-light). We
shall now provide a quantitative analysis of the effect duc to grain-
noise at the Fourier plane. Here we utilize a narrow spectral band

filter with an additive film-grain noise, as described in the following:
Hn(@)"""[“el((&)] w( virn/ (93)

By substituting this filter function into Eq. (39). and employing the same
analysis as we did for the phase-noise case, the mean value of the

output intensity distribution can be determined by the following integration:

Adn 0
E(II=E[ff [[f§ s(a-2uf2, 305" @e-20f2, p2)

Agn

« (146 (P0] [1+ 6(62)] reck (g5 Jreet S2)

v exp{-i —g—[(du-dz)i* (B-B2Y )
x doly d @) dotz Az d Nl
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With reference to Eqs. (81), (49), and (50), the above equation

can be written as:
Adn oo

E(L(D) = ] {80 8(p)+8(E)E(pe-v5A)

Agew -00
+;8((s.) 6 (Boruin)+ -'z-é'(@z)g((h -VfAL)
+ -%—E(@:)S((sﬁ ViR )+ -,"—5((5“”*’*)5 (B2-v52)
s 71‘_5((;|+ VEXL) §(B2+VFX) + -:;—8((3.':»&7\)
« T (Be-vEA)+ -8 (Brr¥FA)E (fe+ v52)]
x{142C4+Cy (exp(2.3D)-1 Jexp [-|@,~B2} /o)
+Cp Y expl-i -f-\-";-(ﬁ.-(’z)a'Jd(z.A(sz ax | o9
which is equal to
E [I.(‘a')J = AAn(]+Cp )2(1-» cos zwy')z-p ZLci [exp(2:30)
~1](38An + ;’, 8 Kol8An) COSZ!wz'

where + Ko (AA'\)COSI'TU)U')] , (96)

Ko(An) 2 exp(-Ay. 5V /2a ) (I-exp(-arnf¥/2za.)] | (96a)
and
KO' (Mﬂ) éexp(—hhfu/a.)[t- exp(-bknfu/éb)] ] (96b)

For the engemble average of the square irradiance, we have

E(I () =E [)ﬁ“ I555 C8(a0+% 5(prusar 38 (E0IN)]

Agn =00

K (5(B2)* £ 8(Ba-v5A )+ 78 (B4 ¥FA1)]
2 (S(E)+ L8 (F-p5re)s T E(B1+¥5A2))

4 N cLJ

Pl SRR




65
"[5((-3.2)*“{5(52-1’}7\2)‘%8(52’”V‘z)]
# (14 G(E)+G(A) +G(FE )+ 6(B2)* GBI G(B2)
+ GBI G () + GG )qtﬁawﬂoz)ﬁ(@' )*fa«wﬁ(fiz)
1+ GG (B2)]) expl-C A7 (B (52)'3“ ((3| 6293
% d(&.d(&zd(s,al(szo\,l,dxz) ‘ (97)

By substituting the mean valuye and the autocorrelation function of the
film granularity (same as Eqs. (49) and (50) into Eq. (97) the ensemble

of the square irradiance would be

E (I3 0Y)] =A% (1+4Cat6Ch )(I+cos2muy’ )"

+2Ca (exp(2.3D)-1](1+ 0052"”3')2

10a cos2 Y-
{u+§” 5= Ko (aan) co52TVy

4 -—;3-'3—,. K9 (An) wsarwa’} (98)
$*viaas )
where
K7(8An) == exp (8AnFV/2a) + €xp (-8An§2 /24.)
-2+ exp(Xen Y/ ) [I-exp(-arn5r/a)]
- 2exp[-(2Aen+8An)/2a] | (98a).
From the results of Eqs. (96) and (98), the output SNR, due to nth

spectral band filter, for a temporally partial coherent illumination

can be obtained such as

SN R(:)('a') ={(I +CA)2( | + ooszw»'a')2+ -L-c: (exp (2.3D)-1]

x(3+ (8Ko(61n)w52'u)3f Ko (8an)

;h) AAn

R e P P WL PPNy W P U SO NP Spr vy e we
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xcos 4wy’ )1} / {Ca (14 coszmuy’y® (exp(2:30)-1]

|24 ’ a,
x4+ TV oA Ko (8An) OOSZ'IDa + m
x( 4

! ]
Py K7 (8- Kl (A cosqroy']}t o

where the superscript (4) denotes the effect due to grain-noise at the

Fourier plane.

It is also interesting to note that, by letting AAn

equals to zero, we obtain the following output SNR for strictly temporal
coherent illumination, i.e.,

@,
SNA, (‘J)cob,mdc

x[exp(2.3D)- 1 ] [3+4exp (-Agn§V/2a)cOS 2V a'
+exp(-1,, 5v/a) cosh»a']} /{c:( l+co$zw'a')‘
x(exp(230)-1](4+6exP (-Aga 5 /2a)co52m0Y’

’ !
- %—exp (-/\va/c\.) cos4myy Jj/z, for Axa=0 (100)

_—-_-.[(I+CA)2(|+006 znvu’)ﬁ j;_-CAz

From Eqs. (99) and (100), the normalized SNR, due to nth spectral band
filter, can be obtained, such as
™M
—=(4) | 2 ’ 2 2
SNR, =T {(I1+Ca) ([40052“))3”‘)4-;—CA (exp(2.3D)

[T

-1](3+ “oz'M(S Ko(Mn)cosznwd.'.‘ + KS(AAn)

* OS mwa,',\ Y] (4 6exP(-AM&v/za.)caszwa.'.\




67

-_l"-. e"P('X,,\Sv/aL) cosan))z:‘]}'/z/

120 ’ a
+ ——
{(4 o Ko (A)m)ooszwbt..mzwbh

4 ’ Ty
X( {'” n KJ](Aln)- Ko (Aln))C‘OSQ‘Nl’amJ 2
x [(1+€AY? (14 coszmyim)ts 4-Ch [€XP(2-3D)
/
-1][3+2exp(-A,,, §¥/2a.)Co5 2TV ffm

+ exp(~Ag, 5”/“-)“54"”3;‘]}

(101)
where we note that
v 1

SAn->0
Lim KK, (0An) /0An = -— exp(-Aanfr/a) (101b)
AAn->0
Lim Kq (82n)/8rn = O (101c)
aAn» 0

We stress that, for all practical cases, the mean value of the

grain-noise is much smaller than unity, (i.e, C 2 << C,)

A Thus Eq. (101)

can be reduced to a simpler form, such as

SNRM)

-l\ld— g {4+ éexp(-h,mi”/zct) coszrwa.'n

- —e.xp (-J\va/“-)“sl‘"”vm}/{" +}UM1\

X Ko (BAn) c.oszwaf.‘ Kq (83n)

z;pnxn( S»AJ\
- K;(A)m)cosanv?; )} (102)

For low frequency signal {i.e., Eq. (87) , Eq. (102) can be further reduced

to,

SRY = (4222, )% /(4-L(20pmiman)] " aon
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From the results of Eqs.(102):and (103),we see that the SNRn(4) increases

as the spectral bandwidth Akn increases. This means that a higher

§K§ ) is achievable with a broader band temporally partial coherent

illumination, as predicted. Several curves of the SNR (4) as a function
of spectral bandwidth Akn, for various normalized signal frequencies

«Q = v/vc),are plotted in Fig. 22. From this figure, again we see that,
(4)

the SNRn increases exponentially as a function of spectral bandwidth

Axn of the filter, for higher spatial frequency of the input object.
On the other hand, if the spatial frequency of the input signal is low
(e.g., v ~ 0), the §ﬁ§£(4) would be independent of the spectral band-
width Axn. That is, the output SNR would not be improved by using a
broader band temporally partial coherentillumination. We stress that this
behavior is quite different from the effect due to phase-noise at the

3)

Fourier plane for which a higher SNR can always be obtained by

increasing Axn, even for zero spatial frequency at the input object

(i.e., @ = 0), that is,

‘ 104
V=0 2)\,_“(]40\:‘/;\,,) 3(24\,_.1-64\..) . (104)
Axn Apn +t8An__ (3
It is also worthwhile to show the asymptotic results of SNRn , due to
phase-noise at Fourier plane for low frequency signal, i.e.,
: y=o ) (105)
': Mam0
-t which is for strictiy temporal coherence -illumination, and
p- -° .
pe.
- ~ i) 8 106
; SNR® S (106)

p=o —— 3 ,
.Aq-“
which i{s for strictly temporal incoherent illumination. While for the '

L AL
R

. .
P

case of film-grain noise, the gﬁin(4) is

.r‘r o

1

g SNRY = | (107)
A5 V=mo ¢
‘A,‘zao
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From these asymptotic results of Eqs. (105) to (109),we confirm our
conclusion stated previously; nam ly the Eﬁﬁg(J) can always be improved
for phase-noise at the Fourier plane for a broader band temporally

purtlal coherent illumination, while for grain-noise at the Fourier

(3)

plane, the SNR can not be improved for v = 0. However, for high

frequency case (e.g., Q = 0.4), the SNRn(3) increases quite noticeable

as AAn increases as shown in Fig. 22.

(3)

Although SNR » due to grain-noise at input plane, is monotonically

decreasing function of the mean value CA of grain-noise, as shown in

Fig. 8, however the SNR (4) is independent of CA’ i.e.,

Eiiii() | + Cp
" Cal]adE(2a0me8n) | )"

(108)
for n=0 ,

which i{s obtained from Eq. (67).

We shall again note that, the overall normalized output signal-to-

i)

noise ratio SNR can be obtained by
u %)
SNRW = Z SNR,,'
Nn=|
where N is the total number of the spectral band filters, at the Fourier
plane. Thus a higher SNR( ) can always be obtained for larger N, particularly

for higher input spatial frequency case (i.e., 2 >> 0). We further note
that, although SNR (4) is independent of AAn as shown in Fig. 22, however

N (4)

SNR would have significant improvement since the output noise distribu-

tions (i.e., grain-noise at Fourier plane) due to each spectral wavelength
A, are mutually incoherent. In other words, the signals diffracted from
the spectral band filter, would be precisely superimposed at the

output image plane to form a higher intensity signal, while the noise
diffracted from the filter plane would be raadomly added to form a

smoother noise background. Thus, a higher overall output ..R can always

be obtained due to grain-noise, as well as phase noise, at the
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Fourier plane. Nevertheless, the number of the spectral band filters is
generally limited by the spatial frequency v, of the phase grating.
However, the higher Vor the larger the size of the achromatic transform
lenses are required. But larger achromatic transform lens [s generally
expensive and more elaborate to construct in practice.

4.4 Summary

In summary, we would potnt out that, the e¢ffects due to temporal
coherence on the noise performance of a white~light optical signal
processor have been quantitatively evaluated from partial coherence
theory stand point. Both the phase-noise and the grain-noise at the
input and Fourier planes are treated in the evaluation. We have shown
that these noises have significant effects on the system noise performances
with temporally partial coherent illumination, as summarized in the
following:

1) There are significant effe:ts on output noise reduction, due to
phase-noise at the input and Fourier planes and grain-noise at
the Fourier plane, by a broadband temporally partial coherent
illumination.

2) There is however no significant effect on noise reduction due
to grain-noise at the input plane by a broad-band temporally
partial coherent illumination.

3) Except due to the grain-noise at the input plane, the output
normalized signal-to-noise ratio §§§£ are generally monotonically
increasing functions of Akn, the spectral bandwidth of nth
spatial filter.

4) The output normalized signal-to-noise ratlo gﬁﬁn increcascs (except
due to grain-noise at input plane) as the input spatial [requency

increases. However, increases the input spatial frequency would

T -
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R v ae oM

also increase the spectral bandwidth of the filter. Thus

it reduces the number of the processing spectral band

=

filters at the Fourler plance, for a fixed vo.

b

5) The normallzed signal-to-noise ratio SNRn also Increases

(except due to grain-noise at the input plane) as the

lower wavelength limit (i.e., Aln) of the spectral band
filter decreases. In otherwords, the §ﬁﬁh improves for
shorter wavelength temporally partial coherent illumination.

The normalized signal-to-noise ratio SNRn is a mono-

tabadadain A

tonically decreasing function of the mean value CA of grain-

noise at the input plane. But the SNRn(a), due to the

Ll

grain-noise at Fourier plane, is independent of CA'

7) The overall normalized signal-to-noise ratio SNR 1is equal to

Sindstencide SR B

A s

the sum of SNR , except for the grain-noise at the input

2

plane which is independent of n. SNR improves as N number

of spectral band filters increases, as shown in Fig. 16.

ORI

Finally, we conclude that, the proposed optical signal processor

is capable of improving the noise performance, with a broadband temporally
incoherent (i.e., white-light) source. Except the grain-noise at the

input plane, the technique is capable of suppressing the noise effects p
at the input and Fourier planes, as an incoherent processor, although the ’

processing is carried out by a temporally partial coherence mode. 1

V. Polychromatic Matched Filtering

5.1 Polychromatic Correlation Detection

We shall demonstrate a grating based polychromatic coherent signal

correlation detection. We shall show that this polychromatic correlation

detection technique is simple and flexible to operate and this technique

:; offers the advantage of multicolor signal detections, which is a step

closer to the actual human visual recognition.
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Let us insert a color signal transparency in contact with a sinu-

soldal diffraction grating at the input plane P, of a polychromatic

1
coherent optical procassor, as shown in Fig. 23. The complex

light amplitude distribution behind the input plane can be described as
s(x,y3M)T&,y) = [s_(x,y52) + sg(x,y;%g) + 5 (x50 ) IT(x,y), (109)
where S, sg, and s, are the red, green, and blue amplitude transmittances
of the color signal transparency, Ar, Ag, and Ab are the red, green, and
blue wavelengths of the coherent sources, and T(X,y) is a sinusoidal

grating which can be described as,

T(x,y) = K[1 + cos(p x)].

where K 1s a proportionality constant, and U La the angular spatiad
frequency of the grating.

Since the input plane is illuminated by a collimated polychromatic
coherent plane waves of red, green, and blue wavelengths, the complex

light distributions at the back focal plane of the achromatic transform

lens are
29
S(a,8351) = S _(a,B31 ) + Sg(a,B?Ag) + Sp(a,B30,) + S (a + 5= p_,8)
2 b
b 110
+ S (at 8 p .B) + S (@t = p .8), (110)

where we have ignored the proportionality constant for simplicity,

(a,B) denotes the spatial coordinate system of the Fourier plane, f is
the focal length of the achromatic transform lens, and Sr(a,B), Sg(a,B),
and Sb(a,B) are the corresponding color Fourier spectra of sr(x,y),

sg(x,y) and sb(x,y). From this equation, we see that the red, green,
fA £A

and blue color spectra are centered at a=+ 5—5 p., o=+ ——ﬂ»p , and
£ —2r Yo - 21 Yo
a=+ 7 Py locations along the a axis, respectively. Since, in practice,

the all color signal transparencies are spatial frequency limited, it
is possible to calculate the appropriate spatial carrier's frequency
Py of the grating so that the primary color Fourier spectra would be

spatially separated in the Fourier plane.
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In color signal detection, we assume that a set of color sensitive
matched spatial filters are constructed. The corresponding amplitude

transmittances are

fxr er fkr
Hr(a.ﬁ) = Kl + K|Sr(a— e po,B)Icos[E;u- ax  + ¢r(a- I po,e)],

fA fa fa
= - -8 —B - 8
Hy(a,8) = Ky + K[S (a- 5% p ,8)|cosl5 ax, + ¢ (a- 725 p 8)],
fkb flb f)b
Hb(GpB) = Kl + Klsb(“- LT PO.B)|cos[§;—- ax_ + ¢b(u- Cr po,B)] (111)

where X, is an arbitrary carrler spatial frequency, Ks are the appropriate

proportionality comstants, and

S.(a,8) = |S_(a,8) |exp[1 ¢_(a,8)],

5g(2:8) = |s8(a.e)|exp[1 9g(:8)1,

and S, (a,8) = IS, (a,8)|exp(1 ¢ (a,B)], (112)

are the primary color detecting signal spectra.

If we properly insert these color sensitive matched spatial
filters in the Fourier plane P, of the polychromatic coherent processor,
as illustrated in Fig.24, the complex light distribution at the output

plane P of the processor would be

gx,y) = i[sn(x,y)exp(ipox)

* -
+ 8, (x,y) exp(ip x) * s (x - x_,y) exp(ip x)
+ sn(x,y) exp(ipox) * Sn(-x + xo,y)exp(ipox)], for nsr,g, and b, (113)

where * denotes the convolution operation, and we have ignored the
proportionality constants for convenience.

From the above equation, we see that' the first summation terms
are the zero~order terms which are diffracted in the neighborhood

of the optical axis at the output plane, and the second and third
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summat fon terms are the primary color convolution and correlation terms,
which are diffracted in the neighborhood of (-xo,o) and (xo,O) at the
output plane of the polychromatic coherent processor, as sketched in
Fig. 25. From this result, we see that this proposed polychromatic pro-
cessing technique is capable of performing color signal correlation
detection and the technique 1s rather simple and flexible to operate.
One should also note that this polychromatic process technique is

also capable of performing multicolor signals detections, if the
conjugate orders of color Fourier spectra are utilized, as depicted

in Fig. 26. Where the subscripts of 1 and 2 represent two different

sets of matched spatial filters for color signals no. 1 and no. 2,
respectively. We would also note that, if each of the color signals to be
detected contain only oﬁe primary color, then it is possible to
synthesize a total of six matched color sensitive spatial filters

for simultaneous signal detection. Needless to say that, by

utilizing a multigrating technique, as described in a previous paperlg,
this technique is capable of performing N number of color signal corre-
lation detections, with relative ease of physical operation, as illus-
trated in Fig. 27.

5.2 Color Sensitive Spatial Filter

We shall now describe a technique of generating a set of spatially
multiplexed color sensitive matched filters for color signal correlation
detection, as illustrated in Fig. 28. This set of color sensitive matched
filters can be generated sequentially with respect to the color wavelengths
of the coherent sources. For example, the red color sensitive matched
filter is generated when the shutter of red coherent source is open and the
recording aperture of the encoding mask MS is located at the position

where the red color Fouriler spectrum is exposed. And, similarly for the
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generation of the green color sensitive matched filter and the blue
color sensitive matched filter, with the same color detecting signal
transparency. In this manner, we see that, a set of color signal
matched filters can be sequentially synthesized, without physically
overlapping in the Fourier plane. Similarly, if one takes advantage
of the c-njugate orders of the Fourier spectra, another set of the
color sensitive matched filters for a different color detecting
signal can be generated, in the lower half of the spatial frequency

plane. Unlike the wavelenght-multiplexing techniqueszo’21

» higher
diffraction efficient color sensitive matched filters can be synthe-
sized. There in another advantage of this technique, a large number
of multiple color sensitive matched filters can be generated as

illustrated in Fig. 27. This large capacity multi-signal matched

filtering program is currently under investigation.

Vi. Experimental Demonstrations

6.1 Character Recognition

We saall illustrate an experimental result obtained with the

incoherent signal detection., Figure 29(a) shows a set of alphanumerics

as an input object transparency. Figure 29(b) represents the character

G to be detected, for which a complex spatial filter was constructed

with the interferometric technique. Figure 29(c) shows the correlation

detection obtained with the incoherent correlation detection technique,

where a narrow band mercury arc lamp was used as the incoherent light
source, Figure 29(d) shows the electronic scanned of the correlation
peak obtained from the result of Fig. 29(c). For comparison we also
provide the correlation detection peak obtained with coherent tech-
nique as shown in Fig. 30(a). Fig. 30(b) shows the corresponding

electronic scanned result of Fig. 30(a). With reference Eo the
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results obtained with the incoherent source as shown in Fig. 29(d),

we. note that higher signal-to-noise correlation peak can be achieved

with the incoherent correlation technique.

6.2 Detection of Pseudorandom (PN) Code

. The basic idea of using pseudorandom (PN) code for the spread

o o §

spectrum communication is to encode the informational signal (either
with direct sequence modulation or frequency hopping or the combination
of both), so that the signal is capable of anti-jamming or interference é

during the transmission. Since the spread spectrum communication 4

is a large time-bandwidth signal, the optical correlator is particularly

suitable to decode the broad spectrum signal. We shall have to demon-
strate an experimental result that an incoherent optical correlator is
suitable for such applications. Figure 31(a) shows a pseudorandom
(PN) code as an input object transparency. Fig. 31(b) represents a
code work that we would wish to detect. A complex spatial filter of
this code word was constructed with the interferometric technique.
Figure 31(c) shows the corresponding correlation peak obtained with
the incoherent processing technique. The light source utilized was

a 75W mercury arc lamp with a green interference filter wavelength

-] (-]
5461A and 100A bandwidth. Figure 31(d) shows the profile of the

corresponding correlation peak as obtained by electronic densitometry

LS ang
DATRERE]

L

e 0 e e e

scanned.

..

*

In comparison, we also provide the correlation peak obtained with

R - 4

the coherent processing technique, as shown in Fig. 32(a) Figure 32(b)

C: shows the electronic scanned correlation profile obtained with the

coherent method. By comparing the results obtained with the incoherent

processing technique of Fig. 31, we note that the result obtained by

the incoherent technique offers a high correlated signal-to-noise ratio.
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We would stress that, this incoherent correlation detection technique

53 MR, Ry

can be extended with white-light source, for which a research program

is under consideration.

6.3 Polychromatic Signal Detection

We shall now illustrate that the proposed optical correlator is 5
suitable for color signal correlation detection. The significance of g
color signal detection is a step closer to the actual human recognition j
process. We note that the proposed grating based correlation technique :?
could either utilize coherent or incoherent source. For simplicity, E

our experimental demonstration would utilize a polychromatic coherent

source. In principle, the corrcldtion detection can be utilized by

OB

the entire spectral band of a white-light source, where a research
program in under investigation.

Strictly speaking, coherent light sources emitting red, green,

and blue color wavelengths should be used for the color signal

correlation detection. For simplicity, we shall use only two of the
primary colors of light sources in our experiments. In the first
experimental demonstration, a set of color English alphabets, as shown

in Fig. 33(a), is used as input color object transparency whereas the

upper row of these alphabets is in green, middle row is in yellow, and

PAPT R

lower row is in red. A red and a green color sensitive matched spatial
filters for detecting the color alphabet A are generated in the Fourier
plane, as described in previous sections. A HeNe laser emitting a !
6238; red light on an argon laser emitting a 5145; green light are
used in the proposed polychromatic optical processor, as shown in ]
Fig. 23. Figure 33(b) shows the color signal correlation detection E
peaks of the color alphabet A. In this figure, the left hand corner ]

correlation peak is in green, the middle correlation peak is in yellow,
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and the right hand corner correlation peak is in red. From this result
we see that, the color sensitive matched spatial filters possess a
high degree of color correlation detection selectivity.

In the second experimental demonstration, a continuous tone
color aerial photographic image transparency, as shown in Fig. 34(a)
is used as input object. The color of the ground terrain is generally
yellowlsh with scattered spots of light green. The forest and some
scattered trees apperas to be redish brown and yellow. The lakes and
ocean are in dark green. Figure 34(b) shows a section of terrain
is used as a color detecting signal. A red and a green color sensitive
matched filters for detecting the color terrain of Fig. 34(b), are
generated. Again a HeNe laser for red light and an argon laser for
green light are used for the color signal correlation detection.

Figure 34(c) shows the correlation detection peak. In reality this
correlation peak is in yellow color.

For our third experimental demonstration, a continuous tone color
image transparency of a campus street scene in The Pennsylvania State
University, as shown i- Fig. 35(a), 1is used in the input object.

Figure 35(b) shows the color objects (i.e., a blue van and a red stop
sign) used as color detecting signals. Since the stop sign is

primarily in red and the van is in blue, therefore, a red color sensitive
matched filter for the stop sign and a blue color matched filter for

the van are independently constructed in spatial frequency plane. In
this experiment, a HeNe laser emitting a 63282 red light and an argon
laser emitting a 48802 blue light are used for the color signal

correlation detections. Figure 35(c) shows the color signal correlation

detection result. The left hand correlation peak is in biue, which
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represents the correlation detection of the blue van, whereas the right
hand correlation peak is in red, which represents the correlation
detection of the red stop sign.

In concluding this demonstration we note that, the polychromatic
correlation detection is suitable for color coded signal detection,

which would be usable for color coded pseudorandom code application.

VII. Conclusion

This study has led to certain definite conclusions. In

particular:

1. Incoherent optical correlator offers a higher signal-
to-noise ratio as compared with a coherent correlator.

2. The incoherent correlator is very suitable for decoding
the pseudorandom PN code as applied in spread spectrum
communication.

3. Optimum matched filtering is a useful decoding tool
for burst-error-correlating PN code.

4. The technique is very suitable for color signal correlation
detection, which is one step closer to the actual human
recognition,

5. The polychromatic correlation technique is suitable for
color coded pseudorandom code decoding.

6. It is feasible of utilzing this incoherent correlator
in a real~time mode, a research program is currently
pursuing.

7. The incoherent optical correlator has a superb noise
suppression effect as compared with the coherent system,

particular with the utilization of a broad spectral

band 1ight source.
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g

The net effect of these conclusions is to emphasize the truth of ‘

our initial assumption of the incoherent optical correlator can be ;1

an essential part of the spread spectrum communication signal decoding. :

o
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